The lipid composition and fluidity in brush-border membrane vesicles (BBMV) isolated from renal cortex of spontaneously hypertensive rats (SHR) and their normotensive control, Wistar Kyoto (WKY) rats have been studied. The activity of Na ϩ -dependent D-glucose transport has been also determined. A significant increase in total phospholipids and free cholesterol were observed in renal BBMVs from SHR, which led to a decrease in the ratio of phospholipid-to-free cholesterol in these hypertensive rats. A reduction in the content of phosphatidylcholine and an increase in the percentage of sphingomyelin were observed in SHR. As a consequence, a diminished ratio of phosphatidylcholine-to-sphingomyelin was present in kidneys from SHR. The content of phosphatidylserine and phosphatidylinositol was reduced in SHR. However, the levels of phosphatidylethanolamine, cardiolipin, and lysophosphatidylethanolamine were increased in hypertensive animals. An increase in the level of saturated fatty acids, together with a decrease in the level of unsaturated fatty acids was responsible for the lower ratio of unsaturatedto-saturated fatty acids found in kidneys from SHR. The ratio of linoleic-to-arachidonic acid was increased in SHR when compared to WKY rats, as a result of the observed decrease in the content of arachidonic acid in hypertensive rats. Studies of diphenylhexatriene fluorescence polarization indicated no changes in the fluidity between BBMVs from both experimental rats, which did not correlate to the observed changes in the lipid composition of these membranes. These modifications in brush-border membrane lipid composition were accompanied by changes in the Na ϩ -dependent D-glucose transport through renal BBMVs from SHR. Am J Hypertens 2001;14:578 -584
A bnormalities in the lipid metabolism have been reported in humans and animals suffering from genetic hypertension (see Zicha et al 1 for review). Changes in the free cholesterol and phospholipid composition of platelets, 2 erythrocytes, 3 and plasma lipoproteins 4 have been found in hypertensive patients. In spontaneously hypertensive rats (SHR), abnormal phospholipid composition has been reported in jejunal brush-border membrane vesicles (BBMV) 5 and heart cell cultures. 6 In addition, alterations in polyunsaturated fatty acids metabolism have been observed in heart and thoracic aorta 7 and liver 8 from SHR. Kidney plays an important role in the pathophysiology of hypertension, and abnormalities in the activity of ion transporters are often found in kidney from hypertensive rats. 9 The function of a great number of membrane-bound proteins is under the control of membrane lipid composition and fluidity. Therefore, modifications in the physical properties of the membrane could be responsible for transport defects observed in kidneys from hypertensive rats.
Although changes in phospholipid and fatty acid compositions have been reported in kidneys from SHR, these studies have been performed either in microsomal membranes, 10 renal cortex and medulla, 11 or whole tissue. 7, 12 However, to our knowledge, there are no reports concerning the study of lipid composition and fluidity of BBMV isolated from kidney proximal tubule. In these brushborder membranes, important transport defects have been observed in hypertensive rats.
The aim of this work was to study the lipid composition and fluidity of BBMV isolated from renal cortex of SHR and their normotensive control, Wistar Kyoto (WKY) rats. Taking into account the association between such membrane parameters and the function of membrane-bound proteins, the simultaneous determination of Na ϩ -dependent D-Glucose transport has been also studied.
Methods

Animals
Male SHR and WKY rats were obtained at the age of 7 to 8 weeks from Harlan IBERICA, S.A. (Barcelona, Spain). Food and water were available ad libitum throughout the study. Systolic blood pressure was measured weekly by the indirect method of tail-cuff occlusion in conscious animals, using an electrosphygmomanometer and physiograph recorder (LETICA, Barcelona, Spain). The mean of three or four successive measurements was used as the estimate of blood pressure (BP). Body weight was determined on the same day that BP was measured. All experiments were carried out using 12-to 14-week-old rats, which fasted for 18 h before killing.
Preparation of Brush-Border Membrane Vesicles
Renal cortical BBMV were prepared from SHR and WKY rats by a MgCl 2 precipitation method, 15 with slight modifications. Kidneys were removed and decapsulated before cutting slices from the cortex. Cortex slices were homogenized for 2 min in a buffer containing 100 mmol/L mannitol, 5 mmol/L EGTA, 2 mmol/L HEPES/Tris at pH 7.4, using a Yastral (Scientific Instrument Centre LTD, SiC, Liverpool, UK) on setting 5. The homogenate was treated with 10 mmol/L MgCl 2 for 20 min and then the mixture was centrifuged at 1900 g for 15 min. The supernatant was collected and centrifuged at 30,000 g for 30 min. The following steps were made as previously described. 15 The final pellets containing purified BBMV were resuspended in a buffer containing 300 mmol/L mannitol, 0.1 mmol/L MgSO 4 , and 20 mmol/L HEPES/Tris at pH 7.4 and homogenized with a 25-and 29-gauge needle. For each preparation of BBMV, renal cortex from two rats was used. Preparation of BBMV was always run in parallel for both animal strains.
Protein and Enzyme Activity Determinations
Protein determination was carried out by the method of Bradford, 16 using a bovine gamma-globulin as a standard. The membrane preparation was evaluated by measuring the specific activities of marker enzymes. Alkaline phosphatase was used as the marker enzyme for brush-border membranes and estimated by the method of Bretaudiere et al. 17 The basolateral membrane marker enzyme Na
ATPase was measured according to Colas and Maroux. 18 Both enzyme activities were measured at 37°C.
Lipid Analysis
Total lipids were extracted from the BBMV by the method of Folch et al, 19 using 0.02% (w/v) butylated hydroxytoluene as an antioxidant. Lipid and phospholipid compositions were obtained by means of the Iatroscan TLC/FID technique 20 as previously reported. 21 Iatroscan MK-5 (Iatron Laboratories Inc, Tokyo, Japan) was used in combination with Chromarods S, which have a precoated active silica thin layer. To separate total lipids, rods were developed in hexane/diethyl ether/acetic acid (80:20:1, v/v/v). The phospholipids were resolved in two steps, starting with an initial development of rods in chloroform/methanol/acetic acid/water (201:84:9:6, v/v/v/v), drying at 70°C for 10 min, and a second development in hexane/diethylether/acetic acid (80:20:1, v/v/v). A Iatrocorder TC-11 integrator (New Technology System, Roma, Italy) was used to record and integrate the area.
Fatty Acid Analysis
Fatty acids from total lipid extract were analyzed by gas chromatography as previously reported. 21 The fatty acid methyl esters were analyzed using a Hewlett-Packard 5890 series II gas chromatograph equipped with a flame ionization detector (Hewlett Packard 5890 series, Avondale, PA), and an Omegawax 320 fused silica capillary column (Supelco, Bellafonte, PA) (30 m by 0.32 mm internal diameter, 0.25 m film). Peak areas were calculated by a Hewlett-Packard 3990A recording integrator.
Individual fatty acid methyl esters were identified on isothermal runs by comparison of their retention time against those of standards. Fatty acid methyl esters were quantified by internal standardization (tricosanoic methyl ester, 23:0), using peak area integration.
Fluorescence Measurement
The steady-state fluorescence polarization and fluorescence anisotropy were determined as previously described, 21 using the lipid soluble fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH). BBMV equivalent to 100 g protein were incubated at 25°C for 1 h in 2 mL of buffered saline containing 250 mmol/L sucrose, 10 mmol/L Tris-HCl (pH 7.4), and 2 mol/L DPH. Measurements were taken using an SLM Aminco Bowman Series 2 fluorescence spectrophotometer (Thermo Spectronic of Cambridge, United Kingdom) equipped with a polarizing filter. The excitation and emission wavelengths were 365 and 430 nm, respectively.
D-Glucose Transport
The uptake of D-glucose in BBMV was measured at 37°C by a rapid filtration technique, as previously reported. 21 The incubation medium contained 100 mmol/L mannitol, 0.1 mmol/L MgSO 4 , 20 mmol/L HEPES/Tris at pH 7.4,
mmol/L D-(
14 C)glucose and either 100 mmol/L NaSCN or 100 mmol/L KSCN. Na ϩ -dependent D-glucose uptake was determined by subtracting the sugar uptake in the presence of a Na ϩ gradient from that with no Na ϩ gradient (K ϩ gradient). Intra-and extravesicular media were isotonic (320 mOsmol/L), except for the experiments in which the effect of increasing osmolarity on substrate uptake was determined. In this case, mannitol was added to the incubation medium to give the indicated osmolarity.
Chemicals
All unlabeled reagents for transport studies and enzymatic assays were obtained from Sigma Chemicals (Madrid, Spain). D-[U-
14 C]-glucose was obtained from Amersham International (Barcelona, Spain). Fatty acid methyl ester standards (FAMES) were obtained from Larodan Fine Chemicals (Malmö, Sweden). Other chemicals were of analytical grade from Merck (Madrid, Spain).
Statistical Analysis
Time-and strain-dependent differences were subjected to two-way analysis of variance. When significance was found, the unpaired, two-tailed Student's t test was used and differences were considered significant at P Ͻ .05. All other comparisons were performed by the unpaired t test.
Results
Body Weight and Systolic Blood Pressure
Spontaneously hypertensive rat BP (in mm Hg) were significantly higher (mean Ϯ SEM ϭ 189 Ϯ 17, 200 Ϯ 24, and 220 Ϯ 22 at 8, 10, and 14 weeks old, respectively) than those of WKY rats (129 Ϯ 8, 135 Ϯ 5, and 145 Ϯ 10 at the same ages, respectively). BP became abnormally high in SHR at the age of 11 weeks (210 Ϯ 28 mm Hg), and hypertension was definitively established at the age of 12 weeks (215 Ϯ 20 mm Hg v 142 Ϯ 12 mm Hg for SHR and WKY rats, respectively), the values remaining constant thereafter. However, there were no significant differences in body weight values between both strains from 8-to 14-week-old rats (data not shown). Table 1 shows the specific activities of enzymes in homogenates and renal BBMV prepared from SHR and WKY rats. The specific activity of the brush-border membrane marker enzyme alkaline phosphatase was not modified, with an enrichment and recoveries of 12-fold and 34% to 40%, respectively, in the final BBMV when compared with the starting homogenates for both experimental rats. These data indicate that BBMV from SHR and WKY rats are suitable for comparison studies in membrane fluidity/lipid composition and transport rates. Brush-border membrane vesicles presented low activity of Na ϩ -K ϩ -ATPase, indicating little basolateral membrane contamination. The specific activity of this enzyme was significantly reduced in kidneys from SHR when compared to that from WKY rats.
Purity of BBMV
Lipid Composition of Renal BBMV
The lipid composition of renal BBMV from SHR and WKY rats is shown in Table 2 . There was a significant increase in the content of total phospholipids (PL) and free cholesterol (FC) in BBMV from SHR when compared to WKY rats, the increase in FC being higher than in PL. As a consequence, a significant decrease in the molar ratio PL/FC was observed in hypertensive animals. However, kidneys from SHR showed lower content in both cholesterol esters and triglycerides than normotensive rats. No significant differences were observed in the level of free fatty acids between both rat groups. The PL composition is shown in Table 3 . The major PL in renal BBMV were phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS), and sphingomyelin (SM) in both SHR and WKY rats. Among the individual PL, SHR had lower PC levels and higher SM levels than WKY rats, which resulted in a decrease in the PC/SM ratio in hypertensive rats when compared to normotensive animals. Besides, BBMV from SHR showed a reduction in the content of PS and phosphatidylinositol (PI), whereas PE, cardiolipin (CL), and lysoPE levels were enhanced.
The fatty acid composition of renal cortex brush-border membranes from both animal groups is given in Table 4 . The major fatty acids in both cases were palmitic (16:0), stearic (18:0), and arachidonic (20:4, n-6) acids. Oleic (18:1, n-9) and linoleic (18:2, n-6) acids accounted for approximately 10% and 8% of total fatty acids, respectively. The content of oleic acid was significantly decreased in hypertensive rats, whereas the percentage of linoleic acid was not modified by hypertension. An increase in the level of saturated fatty acids (mainly palmitic and stearic acids), together with a reduction in the level of polyunsaturated fatty acids (mainly arachidonic acid) was found in renal BBMV from SHR. All these changes resulted in a significant increase in the linoleic/arachidonic ratio and a significant decrease in total (n-6) and (n-3) fatty acids, as well as in the ratio of unsaturated/saturated fatty acids, in the renal brush-border membrane lipids of hypertensive rats.
Membrane Fluidity
No significant differences in steady-state fluorescence polarization (p) and fluorescence anisotropy (r s ) data, probed by DPH, were observed in brush-border membrane preparations from SHR and WKY rats, indicating similar membrane fluidity for both experimental rats (P DPH ϭ 0.348 Ϯ 0.002 v 0.347 Ϯ 0.002, mean Ϯ SEM, and r s ϭ 0.262 Ϯ 0.001 v 0.262 Ϯ 0.002 for SHR and WKY rats, respectively). Fig. 1 shows the time course of D-glucose uptake into renal BBMV prepared from SHR and WKY rats. In the presence of a Na ϩ gradient across the vesicle membrane, there was a transient increase (overshoot) in the intravesicular concentration of D-glucose in both groups of experimental rats at 5 sec Tables 1 and 2 .
D-Glucose Uptake by Renal BBMV
Values represent the mean Ϯ SEM of at least five separate membrane preparations. * P Ͻ .05; † P Ͻ .01; ‡ P Ͻ .001 compared with WKY rats. Tables 1-3 . Values represent the mean Ϯ SEM of at least five separate membrane preparations.
* P Ͻ .05; † P Ͻ .01 compared with WKY rats.
( Fig. 1A) . The initial rate and the magnitude of the accumulation ratio (ie, the ratio of D-glucose uptake in the overshoot to D-glucose uptake at equilibrium) were significantly decreased in SHR when compared to WKY rats (see Table 5 ).
The overshoot for D-glucose disappeared in both groups when the NaSCN gradient was replaced by a KSCN gradient. Uptake of D-glucose at equilibrium (30 min) was identical in the presence and the absence of a Na ϩ gradient and was not altered in SHR, indicating no differences in the size of membrane vesicles between both animal groups (0.74 Ϯ 0.001 L/mg protein v 0.78 Ϯ 0.005 L/mg protein for SHR and WKY rats, respectively).
To determine whether D-glucose uptake occurs inside an osmotically sensitive intravesicular space, and to reject the possibility of binding results, BBMV were prepared from SHR and WKY rats, and the intravesicular space was reduced by increasing the medium osmolarity with mannitol. As shown in Fig 1B, D -glucose uptake at equilibrium (30 min) was directly proportional to the reciprocal of medium osmolarity for SHR and WKY rats. At infinite osmolarity, there is a minimal binding for both animal groups, indicating that Na ϩ -dependent D-glucose transport was due to transport into the intravesicular space.
Discussion
Our data show differences in the lipid composition of renal cortex BBMV isolated from SHR and WKY rats. A decrease in the ratio PL/FC is observed in SHR. The current result is in agreement with previous reports in platelets, 2 erythrocytes, 3 and plasma lipoproteins 4 in patients with essential hypertension, and in several tissues from SHR: jejunal brushborder membranes 5 and plasma lipoproteins. 22 In addition, the level of triglycerides decreased in BBMV from SHR, as previously noted in plasma lipoproteins. 22 The phospholipid composition show that the predominant phospholipids in both groups of experimental rats were PE, PC, PS, and SM. Similar phospholipid composition was described by Chi and Gupta 12 in kidney total lipid from SHR and WKY rats. An increase in PE, SM, CL, and lysoPE, together with a decrease in the percentage of PC, PS, and PI, was found in renal BBMV isolated from SHR, compared to WKY rats. The observed decrease in the content of PI in kidneys from SHR could lead to modifications in the phosphoinositide turnover, as previously reported in early stages of hypertension in SHR and humans. 23 Chi and Gupta 12 observed an increase in the percentage of PE and a decrease in that of PS in SHR. Okamoto et al 10 reported an increase in SM together with a decrease in PE in renal microsomal membranes from stroke-prone spontaneously hypertensive rats. When the lipids were extracted from renal membranes, a decrease in PC and PE was reported in stroke-prone spontaneously hypertensive rats when compared to WKY rats. 24 However, these studies might not be easily comparable with our results in brush-border membranes isolated from renal cortex, as they were carried out in lipids isolated from either kidney microsomal membranes 10 or whole kidney. 24 Not only the quantity of specific phospholipids influence the membrane function, but the fatty acid composition may be important as well. Our results demonstrate a decrease in the ratio of unsaturated/saturated fatty acids in renal BBMV from hypertensive rats. These results are consistent with previous work in heart cell cultures, 6 and in kidneys and aorta 7 from SHR. In addition, a decrease in unsaturated/ saturated ratio could also reflect a higher peroxidation of membrane lipids from SHR. However, when we analyzed the level of peroxidation between membranes from SHR and WKY rats, no differences were found (data not shown).
With respect to (n-6) fatty acids, a decrease in this fatty acid family is found in renal membranes from SHR. This finding is in agreement with a previous report in liver microsomal membranes from SHR. 25 In contrast, (n-6) fatty acid levels increased in heart membranes from SHR. 26 The linoleic/arachidonic fatty acid ratio was increased in renal brush-border membranes from SHR, due to the lower percentage of arachidonic acid (20:4, n-6) found in these rats. The kidney cannot convert linoleic acid in arachidonic acid by ⌬6 desaturase, therefore arachidonic acid has to be provided by the circulation from the liver, the major site of fatty acid desaturation and elongation. Therefore, the observed low content of arachidonic acid in kidneys from SHR could be due to a lower activity in liver ⌬5 and ⌬6 desaturases in SHR, as previously indicated. 25 Similar results have been observed in kidney, 8 liver, 25 and mesenteric vessels 27 from hypertensive rats. In contrast, the content of arachidonic acid has been reported to be high in aorta from SHR 8 and in erythrocyte membranes from hypertensive patients, 28 suggesting an increase in the activity of the ⌬5 and ⌬6 desaturase enzymes. 29 Arachidonic acid, in addition to being an integral component of cell membranes, is the precursor of eicosanoids. Therefore, the lower content of arachidonic acid found in renal membranes from SHR might suggest changes in the synthesis of arachidonic acid-derived eicosanoids involved in the regulation of BP. 30 On the other hand, renal apical membranes from SHR showed a lower content of oleic acid when compared to WKY rats, which could be due to a inhibition in ⌬9 desaturase activity, as previously demonstrated in liver SHR. 25 Membrane fluidity (the inverse of microviscosity) is a property of the membrane that describes quantitatively the mobility and rate of rotational movement of molecules within the membrane. Previous studies in model and biological membranes have shown that the lowest fluidity could be associated with the lowest PL/FC, PC/SM, and unsaturated/saturated ratios. We have found a decrease in all these ratios in SHR when compared to WKY rats. However, no appreciable differences were observed in DPH fluorescence polarization and fluorescence anisotropy between both groups of rats, indicating that the fluidity is not altered in renal brush-border membranes from SHR.
Membrane fluidity probed by DPH has been reported to be increased in jejunal brush-border membranes from SHR. 5 In platelets from hypertensive patients, no changes in DPH anisotropy were observed. 31 In contrast, studies with DPH have reported a reduction in the membrane fluidity in erythrocyte and vascular smooth muscle cells, 22 hepatocytes, synaptosomes, and cardiomyocytes 32 from SHR, and in erythrocytes from hypertensive humans. 33 Therefore, taken together, all these results eliminate the membrane fluidity, probed by DPH, from being directly related to the differences in BP between SHR and WKY rats.
Concomitant with the changes in lipid composition, we found a decrease in the Na ϩ -dependent D-glucose transport in BBMV from SHR when compared to WKY rats. This alteration is not due to modifications in vesicle preparations, as the purification and size of BBMV, as measured from the enrichment of alkaline phosphatase and Na ϩ -dependent D-glucose uptake at equilibrium (30 min), respectively, were similar in both rat groups. Our results are consistent with previous experiments by Morduchowicz et al, 14 in which a decrease in Na ϩ -dependent Dglucose uptake was noted in renal BBMV prepared from SHR compared with the control WKY rats. Similarly, a decrease in the ileal transport of sugars in SHR has been previously observed in our laboratory. 34 It is well known that modifications in membrane lipids could, in principle, be responsible for significant alterations in membrane-bound proteins, and changes in the lipid composition found in BBMV between SHR and WKY rats could affect the activity of D-glucose transporter. An inhibition of rat intestinal D-glucose transport in response to feeding a diet enriched with unsaturated fatty acids has been previously reported. 35 However, we have found a direct relationship between the amount of unsaturated fatty acids and D-glucose transport in kidneys from hypertensive rats.
In conclusion, we have found abnormalities in the lipid composition of renal BBMV isolated from SHR, which were accompanied by changes in D-glucose transport through these membranes. It appears possible that these modifications in membrane lipid composition may, at least in part, account for the abnormal D-glucose transport observed in hypertensive rats. However, the possibility that modifications in membrane lipids induce alterations in the transporter site density or the physical characteristics of membrane microdomains in which Na ϩ -glucose transporter resides, cannot be excluded.
